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The molar enthalpy of sublimation, DgcrH

m, of trans-cyclohexyl-1,4-diamine and the molar enthalpy of vaporization, D
g
lH

m, of cis-
cyclohexyl-1,2-diamine, at the temperature 298.15 K, were determined by calorimetry. DgcrH

mðT ¼ 298:15 KÞ ¼ ð105:0 0:8Þ kJ mol1
was obtained for the trans-isomer and DglH

mðT ¼ 298:15 KÞ ¼ ð62:2 1:0Þ kJ mol1 for the cis form. The molar enthalpy of fusion
of the first compound, at T = 342.1 K, was determined by differential scanning calorimetry. The molar enthalpy of vaporization of
the 1,4-isomer was estimated by combining the value of the enthalpy of sublimation with that of the enthalpy of fusion.
The values obtained for molar standard enthalpy of vaporization and those available for the enthalpy of the diamines in the gas state
were used to calculate the difference between the enthalpies of both compounds in the liquid state.
 2007 Elsevier Ltd. All rights reserved.
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Numerous compounds occurring in nature, prepared in
the laboratory as reagents or by chemical and pharmaceu-
tical industries contain amine groups that play an impor-
tant role in their chemical behaviour [1–7]. Despite their
importance, some basic aspects related to the structure of
amine compounds are still waiting to be clarified.
Since the gas state is commonly used as the standard ref-
erence state of thermodynamic properties, the enthalpy of
sublimation/vaporization is a very useful quantity. It is,
for instance, the term needed in important thermodynamic
cycles to calculate the enthalpy of solvation from the data
obtained experimentally for solution and sublimation/
vaporization.0021-9614/$ - see front matter  2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jct.2007.06.015
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E-mail address: quierme@ci.uc.pt (M. Ermelinda S. Euse´bio).Furthermore, the enthalpy of sublimation/vaporization
allows the calculation of the enthalpy in the solid or liquid
states, provided the enthalpy of the compounds in the gas
state is known. In previous work, the authors calculated
the enthalpy of the amines under study in the gas phase
[8,9]. The enthalpy of the diamines under study in the
liquid state can therefore be estimated from the enthalpy
of vaporization and the enthalpy in the gas state.
2. Experimental
The cyclohexyldiamines studied were purchased from
Fluka, with the specified purity corresponding to a mass
fraction xP 0.99 for trans-cyclohexyl-1,4-diamine and
xP 0.98 for the cis-1,2-isomer. Purity was checked by
gas chromatography–mass spectrometry using an HP Agi-
lent 6890 chromatograph with an SGE HP-5MS column,
and an HP 5973 MSD mass spectrometer, with an electron
TABLE 2
Enthalpy of vaporization values, DglHm, at T = 298.15 K obtained for
different masses, m, of cis-cyclohexyl-1,2-diamine
m/mg Dgl Hm=ðkJ mol1Þ
2.01 62.5
3.25 62.5
5.39 63.6
8.94 63.3
9.36 61.8
11.40 61.5
15.77 60.4
62.2 ± 1.0
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mer and x = 0.99 was found for purity for cis-cyclohexyl-
1,2-diamine. The absence of water was checked by infrared
spectroscopy using a Mattson infrared spectrometer and by
differential scanning calorimetry using a Perkin–Elmer
Pyris 1 calorimeter. The substances under study were used
without any further purification, kept in a dry atmosphere
and handled in a glove box filled with dry nitrogen.
The enthalpy of sublimation/vaporization was deter-
mined by calorimetry with a Knudsen effusion cell, using
the procedure described elsewhere [10]. Measurements were
taken at T = 298.15 K. Effusion holes with diameter
/0 = 0.1 mm and /0 = 0.05 mm were used for trans-cyclo-
hexyl-1,4-diamine and cis-cyclohexyl-1,2-diamine, respec-
tively, and the experiments were carried out under
conditions leading to the total vaporization of the sub-
stance in the cell. The effusion rate was of the order of
m = 3 Æ 1010 kg Æ s1 in the case of the trans-1,4-isomer
and m = 1 Æ 109 kg Æ s1 for the other compound studied.
For both compounds the enthalpies of phase transition
determined experimentally can be equated to the standard
state quantity.
The temperature and the enthalpy of fusion of trans-
cyclohexyl-1,4-diamine, which is a solid at T = 298.15 K,
were determined by differential scanning calorimetry, with
a Perkin–Elmer Pyris 1 calorimeter, following the proce-
dure described elsewhere [11].
In this work, uncertainties are expressed as one standard
deviation units.TABLE 3
Enthalpy of fusion values, DlcrHm, and fusion temperature, Tfus, obtained
for different masses, m, of trans-cyclohexyl-1,4-diamine
m/mg Tfus/K D
l
crHm=ðkJ mol1Þ
2.08 341.9 27.0
3.67 342.2 26.8
2.49 342.0 27.0
4.92 342.1 27.3
4.05 342.2 27.03. Results
The results obtained for the enthalpy of sublimation/
vaporization for different masses of trans-1,4- and cis-
cyclohexyl-1,2-diamine at T = 298.15 K, as well as their
mean value and standard deviation, are presented in tables
1 and 2, respectively.
As trans-cyclohexyl-1,4-diamine is solid and cis-cyclo-
hexyl-1,2-diamine is liquid at room temperature, to com-
pare the structure of the two compounds in the same
state of matter we have to calculate the standard enthalpy
of vaporization at T = 298.15 K, for the first compound.TABLE 1
Enthalpy of sublimation values, DgcrHm, at T = 298.15 K, obtained for
different masses, m, of trans-cyclohexyl-1,4-diamine
m/mg DgcrHm=ðkJ mol1Þ
1.47 104.5
2.27 106.3
3.35 104.6
3.92 105.8
4.37 103.9
4.48 105.0
105.0 ± 0.8This quantity was determined from the following standard
thermodynamic equation:
DglH

mðT ¼ 298:15 KÞ ¼ DgcrH mðT ¼ 298:15 KÞ
DlcrHmðT ¼ 342:1 KÞZ 342:1
298:15
Ccrp;m  Clp;m
 
dT ; ð1Þ
where Ccrp;m and C
l
p;m are the solid and liquid isobaric heat
capacities, respectively. The values obtained for DlcrHm, at
T = 342.1 K, for different masses of trans-cyclohexyl-1,4-
diamine are given in table 3. The values derived for the
temperature and enthalpy of fusion of this compound are
presented in table 4. The heat capacities were estimated
as follows: Ccrp;m was calculated by the method described
in Rowley et al. [12] and the result found for this quantity
is Ccrp;m=ðJ mol1 K1Þ ¼ 1:617ðT=KÞ0:793. The value ta-
ken for the heat capacity of the liquid was
Clp;m ¼ 200:2 J mol1 K1, estimated by the method pro-27.0 ± 0.2
TABLE 4
Molar enthalpies of sublimation, DgcrH

m, and vaporization, D
g
lH

m, at
T = 298.15 K and molar enthalpy of fusion, DlcrHm, of trans-cyclohexyl-
1,4-diamine at T = 342.1 K and molar enthalpy of vaporization of cis-
cyclohexyl-1,2-diamine at T = 298.15 K
Tfus/K D
l
crHm=ðkJ mol1Þ1 DgcrHm=ðkJ mol1Þ Dgl H m=ðkJ mol1Þ
trans-Cyclohexyl-1,4-diamine
342.1 ± 0.1 27.0 ± 0.2 105.0 ± 0.8 79.9 ± 0.9
cis-Cyclohexyl-1,2-diamine
62.2 ± 1.0
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mined for the enthalpy of vaporization of trans-cyclohexyl-
1,4-diamine, at T = 298.15 K, is presented in table 4.
4. Discussion
The values obtained for the enthalpies of vaporization
of the diamines studied are higher than those expected
from cyclohexane and cyclohexylamine values. In fact,
introducing an amine group into cyclohexane causes an
increase in the enthalpy of vaporization of 9.78 kJ Æ mol1
(DglH

m of cyclohexane = 33.04 kJ Æ mol
1 [14] and DglH

m
of cyclohexylamine = (42.82 ± 0.09) kJ Æ mol1 [15]). Giv-
en this, the further introduction of one amine group would
lead to a value of the enthalpy of vaporization close to
52.6 kJ Æ mol1. The experimental value of the enthalpy of
vaporization of both diamines studied here is larger. This
means that an increase in the enthalpy of the amines in
the gas state or a decrease of this property in the liquid
state occurs in relation to the values expected for cyclohex-
ane and cyclohexylamine.
The enthalpy of the solid or liquid phase can be esti-
mated from the enthalpy of sublimation/vaporization and
the enthalpy of the compound in gas phase. The authors
calculated the enthalpy of these diamines in the gas phase
in earlier work [8,10]. They found that the enthalpy of
trans-cyclohexyl-1,4-diamine is 6 kJ Æ mol1 lower than that
of the cis-isomer. The enthalpy of vaporization of the trans-
isomer determined in the present work is 18 kJ Æ mol1
higher than that of the cis-isomer. Thus the enthalpy of
liquid trans-cyclohexyl-1,4-diamine is 24 kJ Æ mol1 lower
than that of liquid cis-cyclohexyl-1,2-diamine. Admitting
that intermolecular forces are the main contribution to this
difference, the hydrogen bonds between the NH2 groups,
the main intermolecular bonds in liquid amines [16], are
more favorable in the former isomer than in the second one.
In previous work on the molecular structure of cis-cyclo-
hexyl-1,2-diamine [8], it was shown that the 1,2 position of
the amine groups do not favor the geometric parameters
for intramolecular hydrogen bond. This was also con-
firmed by natural bond orbital calculations [9]. The differ-
ences between the enthalpies of both diamine isomers in the
gas state were interpreted as being due to repulsive interac-
tions involving the NH2 groups. In trans-cyclohexyl-1,4-
diamine, the main repulsions occur between NH2 and the
C–H group to which the amine group is attached. The
amine group’s proximity in cis-cyclohexyl-1,2-diamine
means that, besides the destabilizing factor observed inthe 1,4-isomer, a significant repulsion between both NH2
groups takes place.
5. Conclusions
Data for the standard enthalpy of sublimation and
vaporization of trans-cyclohexyl-1,4-diamine and the
enthalpy of vaporization of cis-cyclohexyl-1,2-diamine are
given for the first time in this paper.
The difference of the enthalpies of the isomers in the
liquid state was calculated from the difference in the values
found for the enthalpy of vaporization and those published
for the enthalpy of both isomers in the gas state.
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